Acute lesions of hippocampal pathways have been shown previously to ameliorate CAl pyramidal cell loss after subsequent transient cerebral ischemia. In this study, we examined the effect of chronic neonatal lesion with reorganization of hippocampal circuitry on adult postischemic neuron loss in the hippocampus. Newborn rats were subjected to unilateral knife-cut lesions at var ious positions along the trisynaptic entorhino-dentato hippocampal pathway. Seven months later, the rats were subjected to transient cerebral ischemia using the four vessel occlusion technique. At the time of killing 4 days later, a Nissl stain was used to demonstrate neuronal de generation, while connective reorganization resulting from the neonatal lesions was monitored by Timm stain ing. In one group of rats, neonatal lesions had caused severe depletion of entorhinal projections to the septo dorsal fascia dentata and hippocampus (CAl and CA3), without any direct damage to the dorsal hippocampus it-Abbreviations used: AMPA, 0l-amino-3-hydroxy-5-methyl-4 isoxazole proprionic acid; str., stratum. J Comp NeuroI161:71-102 Zimmer J (1978) Development of the hippocampus and fascia dentata: Morphological and histochemical aspects. Prog Brain Res 48: 171-189
During transient cerebral ischemia, there is a transient increase in extracellular glutamate in the hippocampus (Benveniste et aI. , 1984; Hagberg et aI. , 1985) , and the ensuing loss of hippocampal CA I pyramidal cells (Pulsinelli and Brierley, 1979; Jpr gensen and Diemer, 1982) is at least partly mediated through activation of glutamate receptors (Jpr gensen and Diemer, 1982; Sheardown et aI. , 1990; Diemer et aI. , 1990) . Removal of the Schaffer col laterals from CA3 to CAl 1-2 weeks prior to isch-self. Another group had extensive damage of the dorsal CA3, with removal of the Schaffer collaterals from these levels to CAl, and variable damage to the entorhinal af ferents. In both groups, the extent and pattern of isch emia-induced degeneration of CAl pyramidal cells were the same on the lesioned and nonlesioned sides of the brain, demonstrating that neonatal lesions and the subse quent connective reorganization did not have a sparing effect. Seen in relationship to previous observations in adult rats of the neuroprotective actions of acute, preis chemic lesions of the trisynaptic hippocampal pathway, it is concluded that CAl pyramidal cell loss requires the presence of intact excitatory afferents rather than an in tact hippocampal circuitry. Key Words: Entorhinal cor tex-Perforant path-Fascia dentata-Schaffer collater als-Denervation-Connective plasticity-Sprouting Neuronal degeneration. emia can reduce both the increase in extracellular glutamate and CAl cell death (Benveniste et aI. , 1989) , linking the release of glutamate to intact pre synaptic terminals (Drejer et aI. , 1985) . However, since, more distant lesions, placed along the trisyn aptic entorhino-dentato-hippocampal pathway prior to ischemia, can also ameliorate postischemic CAl cell loss in adult rats (Wieloch et aI., 1984; Johansen et aI. , 1986; Onodera et aI. , 1986; Jprgensen et aI. , 1987) , it appears that not only intact presynaptic terminals in CAl but also an intact hippocampal circuitry is essential for induction of neuronal de generation. In the present study, we examined how reorganization of the intrinsic dentate and hippo campal afferents, induced by partial denervation in newborn rats, would affect the susceptibility of CAl pyramidal cells to cerebral ischemia in the adult animals.
METHODS
Newborn Wistar rats (n = 11) were anesthetized by hypothermia and subjected to a unilateral lesion of the posterior hippocampus and entorhinal cortex using a small iridectomy knife. For positioning of the knife cuts, positions of the sagittal and oblique sinuses were visual ized by applying cold light to the side of the head. At a position 2 mm lateral to and slightly in front of the junc tion of the sinuses (lambda), the knife was lowered 3 mm through the skin and skull and into the brain to separate the hippocampus from the retrohippocampal areas or to lesion the hippocampus itself. Immediately after recovery (10-15 min), the pups were returned to their mothers. Seven months later, experimental rats (410-440 g) were subjected to transient cerebral ischemia using a modifi cation of the four-vessel occlusion technique of Pulsinelli and Brierley (1979) , as previously described (Johansen and Diemer, 1991) . Briefly, after bilateral electrocoagu lation of the vertebral arteries, the rats were allowed to recover overnight, with free access to water but no food. The following day, the rats were briefly anesthetized with halothane and had the right femoral artery cannulated and the common carotid arteries gently exposed. As the rats recovered from anesthesia (within 3 min.), the common carotid arteries were clamped for 10 min during con trolled hypotension (50 mm Hg), established by with drawing blood from the femoral artery. Ischemia was ter minated by removal of the carotid ligatures and reinfusion of blood. Rats with respiratory arrest were intubated and ventilated until spontaneous respiration resumed. Four days after the ischemic insult, the rats were anesthetized with pentobarbital (50 mg/kg, Mebumal) and perfused transcardially for 7 min with 300 ml of a sulfide solution (0.5% NaS and 0.5% NaH2P04-H20 in distilled water), and the brains frozen in CO2 snow and later cut on a cryostat in five parallel series of 30 f.lm-thick frontal sec tions. Sections were mounted directly onto slides and the different series stained by either the Timm method for demonstration of terminal fields in the hippocampus (Haug 1973; Zimmer 1973a Zimmer ,b, 1978 or thionine for gen eral cell staining.
RESULTS
The neonatally lesioned rats could be divided into two main groups based on histological appearance of the lesions and resulting connective reorganiza tion ( Fig. O . In four rats with a structurally intact dorsal hippocampus ( Fig. 2 ) but with complete sep aration of this area from the entorhinal cortex and the more temporal part of the hippocampal forma tion, Timm staining revealed a complete loss of per forant path input to the dorsal fascia dentata and CA3. The normal trilaminar appearance of the den tate molecular layer and bilaminar appearance of the stratum (str. ) moleculare of CA3 ( Fig. 21 ) was replaced by a darker homogeneous staining extend ing from the commissural-associational terminal zones ( Fig. 2e ), corresponding to spread of intact commissural and ipsilateral projections ( Fig. la ) (see Zimmer, 1973a,b) . Str. lacunosum-moleculare of CAl still stood out as a distinct weakly-Timm- (3) and commissural (4) hilo-dentate afferents and CA3associated fibers (5) extend into the denervated outer parts of the dentate molecular layer and the molecular layer of CA3. Concomitant removal of entorhinal temporo-ammonic tract fibers (2) induces extension of Schaffer collaterals (6), CA 1-associated fibers (7) and commissural CA3 (8) fibers into the denervated str. lacunosum-moleculare of CA 1. b: In re sponse to the CA3 lesion and absence of Schaffer coliaterals (1) in CA 1. CA 1-associated fibers (2) and Schaffer coliaterals from other levels of CA3 expand into the partly denervated str. radiatum of CA1. FD, fascia dentata; h. hilus; mf. mossy fiber.
stained layer ( Fig. 2e ) in spite of histologically ver ified transection of the temporo-ammonic tract. In all four rats, cell staining revealed a normal and equal pattern of ischemic damage in the dorsal hip pocampus on the normal (Fig. 2b,d ) and neonatally lesioned ( Fig. 2a,c) , sides with ongoing degenera tion of CAl pyramidal cells (and loss of dentate hilar neurons). Due to pronounced edema in the damaged CAl area in some rats, the neurepil here appeared pale in Timm stained sections. The remaining seven experimental rats had ex tensive knife-cut lesions of the dorsal CA3, leaving a most of the CAl and fascia dentata structurally in tact at these levels (Fig. 3) . The lesions included CA3b and c and extended, in some rats, from ros tral to temporal levels. At posterior to temporal lev els, other parts of the hippocampus were also Ie sioned to varying degrees, in some cases with com plete separation of the dorsal hippocampus from both the ventral hippocampus and entorhinal cor tex. At dorsal levels, CAl displayed normal Timm staining, and in the rats with only CA3 damage, the molecular layer of the intact fascia dentata also dis played a normal trilaminar staining pattern. In rats with additional hippocampal and entorhinal dam age, the dentate molecular layer displayed an in creased width of the commissural-associational zone or a staining pattern similar to the one dis played by the first group of rats ( Fig. 3e ) (see Zim mer, 1973a,b; 1974) . Four of the seven rats dis played the normal pattern of neuronal degeneration on both the normal (Fig. 3b,d ) and neonatally le sioned (Fig. 3a,c) sides. The remaining three rats displayed no obvious ischemic lesion on either side.
DISCUSSION
The present results demonstrate that the selective postischemic degeneration of CAl pyramidal cells
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in the dorsal hippocampus of adult rats is main tained in rats with neonatal transection of extrinsic entorhinal afferents to the fascia dentata and hippo campus and/or intrinsic Schaffer collaterals from CA3 to CA 1. Postischemic CA I pyramidal cell de generation was, accordingly, not affected by the re sulting connective reorganization with replacement of the glutamatergic perforant path fibers to fascia dentata and hippocampus or CA3 Schaffer collater als to CAl by other intrinsic (and presumably also glutamatergic) afferents. Degeneration of CAl neurons has never been ob served in adult rats following various neonatal le sions (see Zimmer, 1973a Zimmer, ,b, 1974 Gall and Lynch, 1981) . Because of this and the acute type of degen eration, the cell death observed in this study must be ischemia-induced. The reason for the lack of neuronal degeneration in three of the seven rats with extensive CA3 damage is not clear. These three rats did not display obvious differences with regard to the extent of the neonatal CA3 lesion. Also, since there were no signs of ischemic damage on either side, we find it most likely that the isch emia, for some technical reason, had not been as severe in these three as in the other rats in this study.
In contrast to previous studies on the neuropro tective effect of acute lesions of the entorhinal cor-a ' .
tex, dentate granule cells, or CA3 pyramidal cells prior to ischemia in adult rats (Wieloch et aI. , 1984; Johansen et aI. , 1986; Onodera et aI., 1986; JS'lr gensen et aI. , 1987) , we lesioned the hippocampal circuitry during the early postnatal development, 7 months before ischemia. As a result, intact devel oping fibers from adjacent areas had ample time to sprout or otherwise grow into the denervated areas (see Zimmer, 1973a Zimmer, ,b, 1974 Gall and Lynch, 1981) . After perforant path lesions, ipsilateral and com missural, hilo-dentate, and CA3-associated fibers extend into the outer parts of the dentate molecular layer (Zimmer, 1973b) together with crossed per forant path fibers at the most septal levels (Zimmer and Hjort-Simonsen, 1975) . Similarly, intact fibers in str. radiatum of CA3 and CA I most likely extend into the partly denervated molecular layers. Fol lowing CA3 lesions, it is known from studies of kainic acid-induced lesions of CA3 pyramidal cells in adult rats, that the synaptic density in CAl be comes normalized 2 months after the lesion (Nadler et al. , 1980) . Following neonatal CA3 lesions, as in this study, intrinsic fibers of CA I origin or Schaffer collaterals from intact levels of CA3 must be ex pected to react in the same way and reinnervate the deafferented areas of CAl. At the time of ischemia, these areas must, accordingly, be expected to be through the dorsal hippocampi of a 7-month old rat 4 days after transient cerebral ischemia. On the day of birth, the rat received a knife cut lesion of CA3, poste rior hippocampus, and entorhi nal cortex on the side shown in a,c, and e. Parts of the CA 1 py ramidal cell layer (between ar rows in a and b) are enlarged in C and d, respectively. Note the almost total loss of CA3 on the lesioned side and, as in Fig. 2e , a homogenous Timm staining of the dentate molecular layer on the lesioned side (* in e) compared to the normal trilam inar dentate staining pattern (f). As seen in a-d, there is a bilat eral and equal degeneration of CA1 pyramidal cells. Scale bars:
1 mm (a,b,e,f) and 170 fJ.m (c,d).
fully innervated, albeit with a change in the propor tion and levels of origin of the afferents.
Ischemia-induced CAl pyramidal cell death is be lieved to be mediated through glutamate receptors, in particular those of the a-amino-3-hydroxy-5methyl-4-isoxazole proprionic acid (AMP A) sub type (Diemer et aI. , 1990) , which displays the high est density in CA 1 of the rodent brain (Monaghan et aI. , 1983) . To what extent the neonatal lesions and subsequent synaptic reorganization might have af fected the receptor content and distribution in CA 1 is yet unknown. The lesions were, however, in flicted at a stage at which afferent input is weak and still developing (Crain et al., 1973; Loy et al. , 1977; Zimmer, 1978; Pokorny and Yamamoto, 1981a,b) , and the final density of glutamate receptors not yet attained (Baudry et aI. , 1981; Insel et al. , 1990; Miller et al. , 1990; Pellegrini-Giampietro et aI. , 1991) . As the postnatal increase in glutamate bind ing sites seems to coincide with the establishment and fine-tuning of final hippocampal circuitry (Baudry et aI. , 1981) , it is not unlikely that the neo natal lesions and the subsequent rewiring of the in trinsic hippocampal glutamatergic afferents might, at least temporarily, have affected expression of the various subtypes of glutamate receptors on hippo campal neurons. The retained susceptibility to isch-emia does, however, strongly suggest that func tional glutamate receptors were retained or ex pressed in normal high densities on the CA 1 pyramidal cells.
The excitotoxic hypothesis of ischemia-induced cell death is supported by the finding that the neu roprotective effect of acute removal of CA3 Schaf fer collaterals in CAl is paralleled by a reduced increase of extracellular glutamate in CAl during and after ischemia (Benveniste et aI., 1989) . During ischemia, most extracellular glutamate does, how ever, seem to originate from the presynaptic cyto plasm-due to reversal of glutamate transport mechanisms (Nicholls and Atwell, 1990 )-and not from the transmitter pool, since depletion of this pool prior to ischemia by treatment with phenyl suc cinate did not abolish the extracellular glutamate increase (Christensen et aI., 1991) . Whether the protective effect of the more distant perforant path (J �rgensen et aI., 1987) and mossy fiber (Johansen et aI., 1986) lesions is also mediated through a re duced release of glutamate during ischemia remains to be examined. Since perforant path lesions cause decreased functional activity of the entire hippo campus, as determined by the 2-deoxyglucose method (J�rgensen and Wright, 1988) , it seems more likely that lesion-induced decreased activity, which somehow might reduce the postischemic re lease of glutamate in the susceptible areas, is re sponsible for the protective effect of the more dis tant lesions. This is in accordance with the hypoth esis that the ischemic episode sensitizes CA 1 pyramidal cells to a degree that normal postisch emic synaptic activity (Jensen et aI., 1991) can in duce lethal damage (Diemer et aI., 1990) . Alterna tively, lesion-induced reactive gliosis may play a role. Acute transection of the perforant path (J ensen et aI., 1989) or neurotoxic lesions of dentate granule cells (Finsen et aI., 1992) or CA3 pyramidal cells (J�rgensen et aI., 1992) induce an extensive reactive gliosis in the fascia dentata, CA3, and CAl, respectively, with immediate production of neuro active substances, which might affect and protect the ischemia-susceptible neurons.
From previous studies on neuroprotective effects of acute lesions of the trisynaptic entorhino dentato-hippocampal pathway in adult rats (Wie loch et aI., 1984; Johansen et aI., 1986; Onodera et aI., 1986; J�rgensen et aI., 1987; Benveniste et aI., 1989 ), it appears that ischemia-induced cell death requires the presence of intact Schaffer collaterals in CAl, a normal mossy fiber innervation of CA3 (Johansen et aI., 1986) , and a normal extrinsic input to the fascia dentata and hippocampus from the en torhinal cortex (J �rgensen et aI., 1987) . Recently, we have, however, found that neurons in fascia dentata transplants, grafted from newborn donor rats into adult rats, are susceptible to transient ce rebral ischemia without significant innervation by host perforant path fibers (T�nder et aI., 1992) . Moreover, preliminary results from ongoing exper iments with removal of perforant path fibers in adult rats 5 months before ischemia show no pro tection of CAl pyramidal cells. Together with the present findings, this finding implies that selective postischemic neuronal degeneration does not re quire normal hippocampal circuitry. What it does require, seems to be the presence of intact excitato ry afferents.
